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ABSTRACT 


Tinisiors  capable  of  high  exhaust  velocity  (specific  Impulse)  and  efficiency  are  desirable 
for  space  propulsion.  The  acceleration  of  charged  droplets  (colloids)  by  an  electric  field 
can  proTlde  a  thru* tor  that  meets  these  requirements.  This  effort  was  concentrated  on 
producing  positive  and  negative  colloids  by  the  elect rohydrodynamlc  spraying  of  lonlcaHy 
doped  glycerol  solutions  from  metal  capillary  needle*. 

To  date,  the  results  of  this  program  Indicate  that  both  positive  and  negative  colloids  can 
be  produced  with  charge- ?c- mass  ratios  of  sufficient  magnitude  to  be  utilized  by  an  electro¬ 
static  space  thrustor.  Charge- to-  ma s s  ratios  have  been  obtained  In  the  ranges  of  approximately 
100-30,000  ooulombs/kliogram  for  positive  colloids  and  100-4000  coulombs/ kilogram  for 
negative  colloids.  Current  levels  of  10  microamps  per  needle  are  easily  obtained. 
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SECTION  I 
DfTRODUCTIGH 

When  a  crvrfcytl-g  liquid  5s  exposed  to  m  aiactric  field  of  such  toteestty  that  foe  electrical 
force*  oe  t be  charge  carriers  ceased  the  surface  tea*  joe  force*,  thee  the  liqtod  surface 
restores  tad  email  charged  droplets  are  fcnaed  This  prooea*.  exited  cteotrobydrodyBaado 
ttoolnttoa,  Is  seaslly  carried  out  by  establishing  aa  intense  electric  field  at  the  tip  of  a 
fine  metallic  capillary  tabs  ooetainlng  a  suttabte  liquid  The  action  at  the  electric  field  oe 
the  charge  carriers  la  the  liquid  is  sects  that  charges  of  one  sign  are  forced  to  the  liquid 
metal  Interface  (where  they  are  neutralised)  while  those  at  opposite  sign  move  away  from 
the  capillary,  hi  the  presence  of  strong  electric  fields,  these  latter  charge  carriers  are 
capable  of  oreraoming  surface  teceio*  forces  and  separating  themsetees  from  foe  talk 
liquid  As  they  lesre,  the  charge  carriers  carry  along  a  certain  amount  of  liquid;  these 
charged  liquid  droplets  are  eftea  referred  to  as  “oolfoids.”  Depending  ok  their  charge  and 
mass,  foe  droplets  can  acquire  aa  sppreciahle  velocity  as  they  pass  out  at  foe  regia*  of  high 
electric  field  Intensity. 

la  practice,  foe  capillary  is  located  la  avaeoBm  errirotsment  so  that  riscoos  drag  forces, 
corona  discharges,  aad  other  extraneous  effects  are  minimised  Id  order  that  a  beam  of 
droplets  may  be  produced  and  studied  the  capillary  Up  is  usually  placed  perpendicular  to  a 
metallic  piste  ooctaining  a  bole,  the  center  of  which  lies  on  foe  axis  of  foe  Capillary,  la 
many  instances,  the  ccpilUry  is  inserted  through  foe  bole  so  that  foe  tip  protrudes  a  few 
millimeters  beyood  the  front  d  foe  plate.  By  raising  foe  potential  of  foe  capillary  relative  to 
tbr>  plate,  a  very  high  electric  field  can  be  produoed  at  foe  capillary  tip.  The  electric  field 
and  hence  foe  spraying  process,  can  be  controlled  by  adjusting  foe  capillary  potential.  A 
typical  arrangement  of  capillary,  extractor  plate,  aad  liquid  supply  is  shows  to  Figure  L. 
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SECTION  n 

DIAGNOSTIC  EQUIPMENT 

Since  the  study  of  beams  of  charged  droplets  involve#  the  use  of  specialised  equipment  sad 
techniques  which  are  not  widely  known,  a  brief  review  of  these  is  presented  before  proceeding 
to  a  discussion  of  the  spraying  process  itself.  A  parameter  of  major  interest  in  droplet  beam 
studies  is  the  specific  charge  (charge- to- mass  ratio)  distribution  of  the  droplets.  Of  tbs 
various  types  of  mass  spectrometers  available,  few  possess  the  range  and  'wrseilllty  neces¬ 
sary  for  examining  charged  droplet  beams.  By  varying  the  capillary  potential,  a  typical 
droplet  source  may  be  capable  of  gsnerf  ting  beams  with  average  specific  charges  ranging 
from  a  fraction  of  a  coul/kg  to  several  thousand  coul/kg.  In  addition,  these  beams  may  con¬ 
tain  both  molecular  and  atomic  ions.  Thus,  a  mass  spectrometer  suitable  for  charged  droplet 
studies  should  be  able  to  scan  rather  quickly  the  entire  spectrum  of  specific  charge  values 
•1  7 

between  10  and  10  coulAg. 


1.  THE  QUADRUPOLE  MASS  SPECTROMETER 

One  instrument  capable  of  meeting  the  above  requirements  is  the  quadrupole  mass  spectrom¬ 
eter,  or  so-called  '“mas  aenf  liter.”  developed  by  Paul,  et  aL  in  1354  (Reference  1).  The 
mas  aenf  liter  consists  of  four  rails  arranged  symmetrically  about  an  axis  parallel  to  the  rails 
themselves,  as  shown  in  Figure  2.  The  diagonally  opposed  pairs  of  rails  are  connected  by 
a  Jumper  wire,  and  each  set  ie  excited  by  the  output  of  a  special  power  supply.  This  power 
supply  consists  of  a  push-pull  variable  frequency  oscillator  whose  output  floats  at  a  specified 
DC  potential.  The  electrical  potential  in  the  Interior  of  the  quadrupole  is  a  function  of  position 
and  time: 

V  U(t)  t  a,  .  V0C*  .  s  a. 

v(*,y.»)  “T **  }  *  - 1 - <»  -t >  (») 

o  ro 

r  is  the  distance  from  the  quadrupole  axis  of  symmetry  to  tbs  surface  of  a  rail, 

r? 

x  and  y  the  position  coordinates  of  a  point  inside  the  quadrupole, 

VAf  tbs  voltage  amplitude  of  the  oscillator  output, 

w  the  oscillator  frequency,  and 
the  DC  potential  of  tea'  rails. 


Application  of  Lagrange’ s  equation  to  Equation  1  yields  for  a  particle  of  mass,  m,  and  charge, 
q»  the  following  aquations  of  motion 

4  .  .  I 

as 4  Z/dt  *  0 

a  a  2q(Vjy*  VflCeoa<ut)a 

A/ir  -  - 2LL-B&. -  *  0  t2) 


S 
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which  can  be  conrerted  to  Mathieu' s  differential  equation 

d*Z/d£  ♦  (a  -  2bco»2£)Z  *  0 


by  making  the  substitution* 

0  *  8qVoc/?0W 

b  *  4<J vAc,tQm-* 

^  *  wl/2 

/ 

The  general  eolution  to  Mathieu1 8  equation  J a  the  Mathiea  Function 

Z  8  A*^  I  n  C„*iB£  ♦  Ba*^  I  «  C8e_i"^ 
n  •  -oo  e  3  co 

where  (i  is  a  function  of  a  and  b. 


Rail  Voltage 
Supply 


V  V 
DC  DC 


Pump 

Figure  2.  Quadruple  Spectrometer  Schematic 
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The  behavior  of  this  function  is  shown  in  Fgure  3.  The  shaded  regions  represent  stable 
solutions;  elsewhere  the  amplitude  of  the  function  increases  exponentially  end  the  solution  is 
unstable.  The  regions  of  stability  correspond  to  cases  where  (x  IB  purely  jnaglnary.  Rrysically, 
this  means  that  the  motion  of  a  part. tie  In  the  quadrupoie  field  is  confined  and  periodic.  If 
ft  is  real  or  complex,  the  particle  will  move  with  an  expooantiaily  Increaalog  ampidads  and 
strike  the  rails. 

For  operation  of  the  quadrupoie  as  a  spectrometer,  we  concern  ourselves  with  the  stable 
region  1,  which  is  shown  in  more  detail  in  Figure  4.  £a  this  riew,  the  portion  at  the  region  of 
stability  below  the  b-axis  has  been  “foldecf  *  up  Into  the  first  quadrant.  That  this  Is  a  permis¬ 
sible  manipulation  may  be  seen  by  considering  the  lines  determined  by  the  ratio 

**  *  VOC/VAC*  9/2q  (6) 

For  a  given  u  >  0 ,  there  will  be  a  corresponding  u  at  identical  magnitude  but  opposite  sign, 
since  can  be  positive  or  negative,  depending  oa  which  set  of  rails  is  considered.  Thus, 

the  region  of  stable  orbital  parameters  (shaded)  is  bounded  by  a^,  bj,  and  the  q-cxls.  In  a 

quadrupoie  with  fixed  u  ,  rQ,  and  u  ,  a  particle  with  specific  charge.  q/m.  will  have  a  stable 

orbit  only  If  Its  corresponding  values  of  a  and  b  lie  in  the  ranges  Aa  and  Aq,  La.,  the  pro¬ 
jections  of  the  segment  of  u  In  the  region  of  stability  bate  the  s-  and b- exes.  Consequently, 
the  bandwidth  of  the  spectrometer  is  narrowed  by  Increasing  u ,  Le..  by  increasing  the  ratio 
of  the  DC  to  AC  voltages  (Equation  6).  B  is  apparent  from  Figure  4  that  there  is  a  maximum 
value  of  u  which  determines  the  minimum  bandwidth.  The  values  of  a  and  q  corresponding 


Rr® 

max 


Oq  *  0.2369  -1 
9q  *  0.706  ' 


Substituting  these  values  Into  Equation  6  yields 


*  Sq/ZCq  *  a  1679 


From  Equations  4  and  7,  we  can  determine  the  relationship  between  q/m  and  w,  V._,  and 
rQ  tor  given  quadrupoie  operated  as  a  spectrometer. 

VAC  *  ?Q‘rQn***/**  *  ••96,o  W 

where  f  is  iha  frequency  of  the  AC  voltage  in  cycles  per  second. 

A  plot  of  f  versus  q/m  for  r^  ■  1.116  cm  and  *  10  volte,  the  operating  parameters  of 

the  AFAPL  spectrometer,;  is  presented  In  Figure  6.  ft  can  be  aeon  teat  a  frequency  range  be- 

7 

tween  1  kc  and  S  mo  covers  the  specific  charge  spectrum  between  0.5  sod  10  ocul/kg.  The 
quadrupoie  driver  circuit  Is  shown  in  Figure  6.  Tbs  frequency  range  Is  covered  la  8  bends, 
and  each  band  with  the  exception  of  tbs  lowest  is  covered  by  varying  the  oscillator  taafc 
capacitance.  In  the  lowest  band  0-6  kc),  the  oscillator  Is  operated  as  a  posh-poll  amplifier 
and  driven  by  a  Hewlett-  Packard  Model  200  AB  audio  oscillator.  However,  use  of  special 
inductors  could  mate  too  driver  seif-oscillatisg  over  tee  entire  frequency  range.  The  rails 
in  this  Instrument  are  1.92  cm  in  diameter  and  LI 4  meter  long.  Entrance  apertures  of  0.01 
Inch  and  0.02  Inch  have  been  need;  the  latter  allows  better  ssamlnattoa  of  low  current  beams. 
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A  very  useful  feature  of  the  quadrupole  spectrometer  is  its  easily  variable  resolution.  As 
Equation  9  shove,  krrerlr^j  the  magnitude  of  lowers  the  resolution,  Le..  Increases  the 

bandwidth  of  specific  charge  passed  by  the  spectrometer.  When  searching  for  discrete  Jet* 
from  a  droplet  source,  Is  switched  off  and  f  Is  adjusted  to  a  value  about  twice  as  high 

as  that  at  which  a  specific  charge  peak  la  expected.  The  source  la  then  aimed  until  the  collector 
current  shows  a  maximum.  The  DC  voltage  Is  switched  on  and  tbs  specific  charge  spectrum 
la  scanned.  For  low  Intensity  beam*,  V^.  may  have  to  be  dropped  to  value*  on  the  order  of 

140  volts,  depending  on  the  sensitivity  erf  the  collector  metering  circuit  Them  1*  a  tendency 
for  peaks  to  shift  as  the  resolution  fas  lowered.  When  operating  at  high  resolution,  care  mart 
be  taken  to  maintain  constant  a*  the  frequency  Is  varied  to  avoid  exceeding  u  S 

frtKFJcncy  la  held  constant  and  VA(.  Is  varied  to  accomplish  the  specific  charge  scan,  the 


circuit  of 
constant 


the  quadrupole  driver  must  be  modified  so  that  the  ratio  if 


remains 


2.  THE  TDtfE-Or- PLIGHT  SPECTROMETER 


Despite  Its  versatility  sod  range,  the  quadrupole  spectrometer  la  limited  In  that  It  can 
sample  only  a  small  portion  of  a  beam  at  one  time,  and  thus  is  incapable  of  providing  ac 
a  ecu  raws  representation  of  the  total  beam  characteristics.  In  1963,  H.  Shelton  sod  B.  Cohen 
(Reference  2)  developed  a  time-of-fllght  spectrometer  which,  although  lacking  ths  precision 
and  resolution  of  the  quadrupole,  permitted  the  specific  charge  distribution  In  the  entire  beam 
to  tea  measured  Instantaneously.  The  da  vice,  pictured  schematically  In  Figure  7,  consists  of 
a  shielded  collector  located  at  a  distance  L  from  the  charged  droplet  source.  Cpo ration  of 


Figure  7.  Tlmo-of- Flight  Spectrometer  Schematic  Diagram 
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l ho  device  Is  basod  on  the  following  principles.  The  configuration  of  electric  field  it  the 
capillary  Up  is  such  that  the  droplets  acquire  their  terminal  velocity  within  a  few  milli¬ 
meters  of  the  tip.  The  velocity,  v,  of  a  particle  of  charge,  q,  and  mass,  m,  which  has  passed 
through  a  potential,  V,  is: 


v  1  </  i  (  q  /  m )  V 


(10) 


Thus,  since  all  the  droplets  fall  through  the  same  potential,  there  will  be  a  velocity  distribu¬ 
tion  In  the  beam  corresponding  to  the  droplet  specific  charge  distribution.  Those  droplets 
having  a  high  specific  charge  will  have  a  higher  velocity  than  those  having  a  lower  specific 
charge.  The  current  observed  at  the  collector  is  the  sum  of  each  of  the  currents  contributed 
by  the  Individual  specific  charge  species.  To  determine  the  specific  charge  distribution  in 
the  beam,  the  steady  state  current  1q  is  observed  on  the  oscilloscope  and  noted  {usually 

photographically).  The  scope  is  then  placed  In  the  single-sweep,  external-trigger,  negative- 
slope  mode  and  the  spark  gap  is  activated.  When  the  gap  closes,  the  capillary  potential  decays 
to  ground  In  the  order  of  a  microsecond,  and  the  droplet  source  stops  operating  for  a  few 
milliseconds.  The  oscilloscope,  triggered  by  the  spark  grp  signal,  records  the  current  decay 
at  the  collector.  An  Idealized  decay  is  pictured  in  Figure  8.  Since  no  droplets  are  produced 
when  the  capillary  is  at  ground  potential,  that  species  of  droplets  in  the  beam  having  the  highest 
velocity  and  hence  the  highest  specific  charge,  will  be  the  first  to  stop  contributing  to  the 
collector  current.  When  the  last  droplet  of  this  species  arrives  at  the  collector,  the  current 
will  drop  to  a  lower  level;  this  level  of  current  Is  contributed  by  species  of  lower  specific 
charge.  The  decay  shown  In  Figure  8  represents  a  beam  consisting  of  three  distinct  species. 
The  time  at  which  the  current  decays  to  a  new  level  represents  the  time  required  for  the  last 
particle  of  thti  species  to  travel  from  the  needle  tip  to  the  collector.  This  time  is  measured 
by  the  scope  and  is  simply  the  distance  traveled,  L*  divided  by  the  velocity  of  the  droplet. 
From  Equation  10  this  is  seen  to  be 

t  *  -i-  s  —  i  U  ,  dll 

v  /2v57 m 

which  can  be  rearranged 

,« 

q/„,  >  - -  {l2) 

2Vt 

Thus,  each  point  on  the  l-veraus-t  decay  corresponds  to  a  specific  value  of  q/m.  If  there  is  no 
current  decay  at  time  t,  there  were  no  particles  present  In  the  beam  having  a  specific  charge 
corresponding  to  t.  In  practice,  specific  charge  distributions  are  usually  continuous  between 
an  upper  and  lower  limit,  so  that  the  decay  is  a  continuous  function  such  as  that  of  Figure  9, 
rather  than  the  step  function  of  Figure  6. 

The  screen  in  front  of  the  collector  serve*  a  twofold  purpose.  First,  It  increases  the 
resolution  of  the  device  by  keeping  tha  collector  from  “seeing*’  a  charged  droplet  until  the 
droplet  has  passed  the  screen,  Le.,  traveled  the  complete  distance  L,  Secondly,  by  making 
the  collector  positive  relative  to  the  screen,  it  prevents  secondary  electrons  from  leaving  the 
collector  and  giving  an  erroneous  value  of  1^.  A  second  screen,  biased  positive,  may  be  placed 

in  front  of  the  first  screen  to  prevent  secondary  electron*  created  at  the  first  screen  from 
traveling  to  the  collector. 

The  maximum  specific  charge  that  cam  be  measured  with  the  time-of-flight  maaa  spectrom¬ 
eter  1*  determined  by  the  time  It  take*  the  collector  circuit  to  recover  from  Use  spark  gap 


TOP.  (  Low  q/m  Portion  )  \  Integroted  Ouodrupol*  Tract 


ir/T.O,F.  Comparison 
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rarfiaiico.  By  careful  abi  elding  usd  judicious  design  d  leads,  this  time  can  nasally  ba  ro-  * 

duced  to  tbs  order  of  mlcroseoood*.  Although  it  Is  sort  possible  to  measure  atomic  ton 
species  with  drift  distances  oo  the  order  of  10-30  cm,  'heir  presence  can  bo  detected  by 
noting  the  position  of  the  start  a i  the  decay  relative  to  1^.  If  there  are  so  fhaetuatloaa  la  1^ 

and  if  the  decay  cannot  to  extrapolated  bach  to  i^,  then  that  porttoa  at  tbs  carreot  between  * 

the  start  of  tb®  decay  aad  tQ  was  probably  caairi  toted  by  Seas  having  very  high  specific 

charges  that  reached  the  collector  daring  the  spectrometer's  “dead-ttma.”  At  a  sacrifice 
of  trace  resolution,  the  CRT  beam  intensity  can  to  increased  to  observe  this  iastaatxaooos 
drop  when  ions  are  present.  This  mode  is  particularly  useful  wheu  the  collector  current  Is 
fluctuating,  since  it  shows  the  actual  value  erf  i^  at  the  beginning  of  the  decay.  ^ 

Considering  the  many  unknowns  In  the  operation  o #  the  tima-oS- flight  spectrometer,  e.g., 
the  effect  of  the  decaying  capillary  potential  an  the  steady  state  specific  charge  distrtbutloa. 
the  spectrometer  "dead- time,”  etc.,  oca  might  well  inquire  as  to  the  accuracy  end  reliability 
of  data  obtained  with  this  Instrument.  It  was  primarily  to  answer  Uds  question  that  this 
laboratory  constructed  the  combined  quadrwpol©  and  time-of- flight  spectrometer  facility 
described  below.  The  results  of  a  series  of  investiga ticca  with  the  combined  spectrometers  ► 

demonstrated  good  quantitative  agreement  between  the  quadrupoie  and  the  ttaso-ctf-flight  dtevtra* 

(Reference  3).  Figure  9a  shows  s  low  average  specific  charge  quadropols  trace  that  ra 
transformed  into  a  T.O.F.  decay  tad  superimposed  oo  an  actual  T.O.F.  decay  made  dartug 
the  recording  c*.  tbs  quadropols  data.  A  similar  process  has  been  carried  ost  in  Figure  Sb 
for  a  beam  with  a  much  higher  average  specific  charge. 

»  « 

The  above  analysis  was  made  by  simply  comparing  the  I-versas-q/m  data  obtained  with 
the  quadrupoia  with  the  I-weraos-t  data  at  the  T.O.F.  spectrometer.  More  precise  stadias 
with  the  two  Instruments  raise  the  question  at  the  meaning  of  “peaks”  as  they  are  obtained 
with  each  device.  This  problem  la  particularly  apparent  in  tbs  interpretation  of  T.O.F.  or 
qoadrupole  data  for  propulsion  purposes,  as  shown  is  Section  VI.  In  this  case,  it  is  oeees- 

1/2 

sary  to  obtain  the  two  mAse-weigbted  averages  at  specific  charge,  <c  >  end  <c>,  which  | 

are  found  by  integrating  the  normalized  mam  distrl  button  expressed  as  a  funettoa  at  specific 
charge,  f(c); 


<  ew*>  *  J  c'^ficlfc 

<  e  >  ■  f*  c  f  («J  f e 


(13) 

(Mi 


A  problem  arises  in  that  neither  the  quadropols  nor  the  tlxn&'ef"fUght  speorocoster  gjvec 
f(c)  directly.  Tor  the  quadrupole,  the  number  of  cycles  executed  by  a  particle  ta  the  field  Is 
related  to  the  quadroyole  resdutioa.  Using  the  empirics!  relationship  determined  by  Paul  in  I 

Reference  1,  Hunter  (Reference  4)  obtained  as  expression  for  the  bandwidth  Ac  of  a  quadrupoi* 
at  specific  charge  o  In  terms  of  the  measured  resolution,  Rq,  and  rail  voltage.  From  this 

expression,  it  Is  found  that  the  fcaadoridlh  at  the  spectrometer  increases  linearly  wtth  cpecific 
charge  as  a  specific  charge  ease  Is  mads.  To  obtain  the  mass  dUtritattoat  foactioa  f(c). 
one  most  divide  the  quadrupcle  current,  l^»  by  the  baadwldth  (to  obtain  the  a^setresttster 

curresd  per  volt  specific  charge);  fids  is  is  tore  divided  by  the  specific  charge,  c,  at  each  > 
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pole!  (yielding  the  masa  Her*  per  unit  spjclf.c  charge)  ana  finally.  far  aonailialice.  „-y 
the  total  mass  Cow,  M.  of  the  sampled  particles.  Thus 


where 


f(c)  *  — r-21 - 

lie !  Ac) 


05) 


M  * 


/ 


*3 

c(  Ac) 


(j  c 


1/2 

In  order  to  obtain  <c  >  and  <c>  from  T.O.F.  traces,  Equations  13  and  14  are  modified 
to  obtain  specific  charge  and  f(c)  In  terms  of  time  L  A  current  distribution  function  cor¬ 
responding  to  the  T.O.F.  trace  is  defined: 


fit)  = 


1  dl 

«0 


(56) 


where  is  the  current  at  time  t  =  0  and  i  is  tto  T.O.F.  collector  current  at  time  t_  if  t^. 
represents  the  time  at  which  the  current  becomes  zero  on  the  T.O.F.  trace,  then 


i  *  I  f  (t) at , 

r  ' 


end.  integrating  by  parts. 


»f  *f.  f 

<tta>  «  f  »8f(t)dfi  /4-dt=  I 

i  i  ‘e  ?*o  'o  *« 

*»  f»  ?  *  « 
<t>  «  f  ♦  Mt)d»  *  2  f  *  4-  dt  ~  £  2i»^M  I. 

5  5  *  o  «*0  fa  t» 


(17) 


08) 


From  Equations  17,  18,  and  12,  o«sc  obtains 

09) 

(20) 


where 

>7  3 

is  the  distribution  efficiency  o i  the  beam. 


<e> 


<  c  >  * 


2  V  < 


7s 


<  CJ,8>*  « 


2V 


-5-  ^  8  <s»'7 


14 
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la  the  cue  of  a  linear  6 ecxy  from  t  •  O  to  t the  decay  trace  haa  the  folkmag  values: 

<  *  »  *  -J  f» 

<  <*>  *  i  *,* 

17  *  0.73 

<e*^«  l^lCari* 

<c  >  •  Umia 

where  cmia  Is  the  specific  charge  corresponding  to  tj_ 

1/2  2 

An  actual  polnt-by-polnt  comparison  of  <c  >  and  <  c  >  as  obtained  by  the  qaadrs^ole 
and  time-of-flight  spectrometer  Is  hardly  worthwhile  since  the  quadripole  sample*  only  a 
small  portion  of  the  beam  while  the  T.O.F.  presents  data  representing  the  net  beam  char¬ 
acteristics.  For  this  reason,  the  qordropole  Is  usually  limited  to  studies  of  such  parameters 
as  die  Ionic  species  existing  in  a  beam  while  the  T.O.  F.  is  used  to  study  the  gross  operating 
characteristics  of  the  beam.  A  detailed  study  of  the  electrohydrodynamlc  spraying  process 
requires  both  instruments. 

The  successful  operation  of  a  time-cf- flight  spectrometer  demands  careful  attention  to 
shielding  of  both  the  collector  and  leads.  A  collector  assembly  which  proved  qute  satis¬ 
factory  from  both  a  shielding  and  maintenance  standpoint  is  shown  in  Figure  10.  The  qua- 
drupole  adaptor  and  bole  In  the  collector  can  be  eliminated  if  only  a  T.Q.F.  spectrometer 
is  to  be  constructed.  Biasing  of  the  collector  and  frequency  compensation  hare  been  suc¬ 
cessfully  accomplished  using  the  scheme  of  Figure  11.  The  compensating  circuit  is  checked 
by  applying  a  square  ware  signal  to  the  collector  and  ascertaining  that  there  is  no  dis¬ 
tortion  or  attenuation  of  the  signal  at  tbs  oscilloscope  as  is  varied.  Tbs  10k  precision 

resistor  provides  an  input  at  the  scope  of  1  millivolt  per  0.1^*  of  current  at  the  collector. 
This  value  seems  to  provide  an  optimum  compromise  between  noise  level  sad  sensitivity. 

The  value  of  load  resistance  required  betvreen  file  power  supply  and  the  spark  gap  depends 
on  the  power  supply.  2  the  latter  is  well  regulated  and  can  handle  surge  current,  resistances 
on  the  order  of  a  few  hundred  thousand  ohms  can  be  used.  S  tbs  *upply  is  small  and  not  well 
regulated,  however,  it  is  best  to  use  a  high  resistance.  The  scope  is  triggered  at  the  start 
of  the  T.O.P.  decay  by  placing  a  small  length  of  wire  near  the  spark  gap  and  connecting  it 
to  the  trigger  input  of  the  oscilloscope. 

To  use  the  quadrupole  spectrometer  to  best  advaate*-*,  some  means  must  be  provided 
for  aiming  the  beam  of  droplets  into  the  quadrupols  entrance  aperture.  An  adjustable  source 
mount,  evolved  over  a  period  of  several  years,  is  shown  -a  Figure  12.  Alignment  is  checked 
by  removing  the  quadripole  collector  and  using  a  telescope  to  sight  00  the  capillary  tipi 
The  complete  combination  quadrupole/time-of-fllght  spectrometer  is  shown  in  Figures  IS 
and  14.  The  y-axia  of  the  x-y  recorder  is  connected  to  the  electrometer  which  measures 
quadrupole  collector  current  The  x-axls  Is  driven  by  the  voltage  between  the  wiper  arm 
and  ground  of  a  potentiometer  connected  to  the  variable  capacitors  of  tha  quadrupole 
oscillator.  This  arrangement  allows  a  continuous  P-vertus-f  plot  to  be 

The  Quid  reservoir  and  transfer  lino  are  simple  but  rugged  sad  reliable.  A  half-fiUsd 
100  ml  filtration  flask  provides  &  more  than  adequate  supply  of  Quid  for  most  purposes. 
The  transfer  line  is  made  from  glass  tubing.  8  mm  ia  diameter  with  a  2  mm  bore.  Tbs 
og Enaction  between  tha  transfer  Una  and  the  capillar;  mount  is  m«A»  with  Teflon  of 
sufficient  length  to  allow  for  rotation  e<  the  source  through  as  angle  of  20*  from  the  quadrupols 
axis. 
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Figure  IX.  Variable  Bias  Circuit  for  T.O.F.  Collector 
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Figure  li.  Adjustable  Source  Mount 
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After  the  source  chamber,  reservoir,  and  transfer  line  are  sufficiently  evacuated,  the  flask 
containing  the  fluid  is  raised  so  that  the  tip  of  the  short  arm  of  the  transfer  line  lies  about 
1  cm  below  the  fluid  level.  The  reservoir  pressure  is  then  raised  to  about  5  or  10  cm. 
causing  the  fluid  to  flow  through  the  transfer  line  into  the  capillary.  The  mass  flow  rate  of 
the  fluid  during  open,  .-a  Is  controlled  by  varying  *!■:  reservoir  pressure. 

3.  THE  FAKADAY  DETECTOR 

Tbs  third  device  which  has  been  used  in  charged-droplet  studies  is  the  Faraday  Detector 
(Reference  5).  This  device  consists  of  a  cylinder  about  5  mm  long  and  1  mm  in  diameter 
mounted  inaids  a  shield  and  connected  through  &  cathode  follower  to  an  oscilloscope  (Fig¬ 
ure  15).  As  charged  droplets  pass  through  the  cylinder,  approximately  rectangular  pulses 
are  produced,  from  which  the  charge  and  mass  of  the  droplet  can  be  determined.  E  the 
gain  and  capacitance  of  the  cathode  follower  and  scope  preamp  are  G  and  C,  respectively, 
then  the  pulse  height.  V^,  is  related  to  the  charge  q  on  the  droplet  by 

q  *  C^j/G  (21) 

B  the  accelerating  potential  of  the  droplet  Is  V  ,  the  length  at  the  cylindrical  detector  is  d, 
and  the  pulse  length  is  t,  then  the  specific  charge  q/m  of  the  droplet  is 

q/ro  *  d*/2Vtif*  t 22j 

B  the  density  p  of  the  droplet  is  known.  Equations  21  and  22  can  be  solved  to  determine  the 
droplet  radius,  Le. 


r 


( 


3  Vo  t  C  Vo  \M» 
2*/>d*G  ' 


(23) 


This  detector  is  affected  by  background  noise,  and  so  its  use  is  rather  limited.  The  minimum 

charge  that  can  be  detected  by  this  devioe  is  something  os  the  order  10  18  coulombs,  la 
addition,  we  have  found  that  the  detector  becomes  clogged  with  fluid  rather  quickly  when 
placed  in  a  droplet  beam  of  low  specific  charge. 
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Figure  15.  Faraday  Detector  Schema tlo 
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section  m 

CAPILLARY  AND  FLUID  PREPARATION 

Two  of  the  major  variables  in  the  eiectrohydrodynamic  spraying  process  arc  the  capillary 
and  the  fluid  sprayed.  Of  these,  the  capillary  represents  the  primary  source  of  difficulty, 
in  both  preparation  and  reproducibility.  Although  some  work  has  been  performed  using  glass 
and  quart*  tubes,  {References  2.  5),  by  far  the  best  results  have  been  obtap  >d  with  metallic 
capillaries  (References  4,  6);  platinum  and  stainless  steel  have  been  used  most  frequently. 
A  prime  requirement  for  these  capillaries  is  that  they  be  relatively  smooth  and  axially 
symmetric.  Capillary  sire  is  governed  primarily  by  the  vacuum  system  capabilities.  A 
typical  six-inch  diffusion  fxunp  station  with  Li^  trap  will  handle  most  doped  glycerol  solutions 

In  capillaries  having  bore  diameters  up  to  about  1/4  mm.  Moat  of  the  work  at  AFAPL  has 
employed  caplilariea  with  a  bore  of  about  0.1  mm. 

The  capillaries  are  cut  to  length  (—4  cm)  from  commercially  available  stock,  and  the  tips 
are  formed  and  polished  by  hand  in  an  instrument  lathe.  The  moat  satisfactory  procedure  for 
preparing  the  tips  has  been  to  machine  the  tip  to  roughly  the  configuration  desired  and  then 
finish  the  surface  with  an  orange  wood  stick  impregnated  with  Jeweler's  rouge.  During  the 
polishing  process,  a  wire  must  be  run  through  the  capillary  occasionally  to  keep  it  from 
becoming  plugged  with  rouge  fragments.  With  softer  metals  such  as  platinum,  it  is  some¬ 
times  necessary  to  finish  the  polishing  with  a  light  oil  and  rouge  mixture  on  the  stick. 

After  polishing,  the  capillary  must  be  flushed  thoroughly  with  acetone  or  similar  solvent 
to  remove  rouge  particles.  The  standard  procedure  in  this  laboratory  has  been  to  Hush  the 
capillary,  boll  it  in  distilled  water,  and  rinse  it  in  methyl  alcohol.  Following  the  cleaning 
procedure,  the  capillary  is  mounted  in  the  source  assembly  and  installed  in  the  vacuum 
system.  The  capillary  is  usually  maintained  at  10kv  for  some  time  prior  to  spraying. 

Different  tip  shapes  have  been  tried  by  various  researchers  (References  3.  5,  7,  8).  In 
general,  s  sharp  tip  will  produce  beams  of  higher  specific  charge  than  blunt  Up*.  The  sharp 
tips  are  more  subject  to  deterioration  during  operation,  however,  and  produce  beams  that 
are  harder  to  control. 

The  location  of  the  capillary  tip  relative  to  the  extractor  plane  does  not  sppear  to  be 
particularly  critical.  If  the  extractor  plane  is  biased  negative  relative  to  the  chamber  walls 
to  prevent  secondary  electrons  from  reaching  the  capillary  tip.  It  Is  best  to  place  the  Up 
flush  with  the  front  surface  of  the  plate. 

The  fluid,  after  mixing,  in  usually  filtered  through  a  0.8  mlllipore  filter  and  then  outgassed 
by  heating  In  vacuo  at  about  80*C  for  one  or  two  hours.  Following  this,  some  or  all  of  the 
properties  are  measured.  Including  resistivity,  density,  viscosity,  and  PH.  The  sample  to 
be  sprayed  is  again  outgassed  at  80*C  in  vacuo.  Immediately  before  transferring  the  flask 
and  fluid  to  the  experimental  system,  while  the  fluid  is  still  rather  warm,  the  pressure  in 
the  flask  is  raised  to  one  atmosphere  by  introducing  an  inert  gig  such  as  argon.  The  flask  Is 
then  quickly  transferred  to  the  system  and  re-evacuated.  With  a  small  bore  capillary  and  a 
good  LNg  trapped  auTwOon  pump  on  the  system,  the  entire  procedure  can  be  carried  out  while 

the  source  chamber  la  evacuated. 
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SECTION  IV 

SOME  EXPERIMENTAL  RESULTS 

The  spraying  process  Is  Initiated  in  the  following  manner:  After  the  preliminary  steps 
hare  been  completed,  the  fluid  is  allowed  to  flow  through  the  transfer  line  to  the  capillary. 
The  arrival  of  the  fluid  at  the  capillary  tip  Is  observed  by  means  of  a  small  telescope.  If 
the  fluid  has  been  properly  outgassed,  a  small  drop  will  form  at  the  tip  and  gradually  in¬ 
crease  In  alia.  Any  evidence  of  bubbles  or  other  unusual  activity  at  this  point  Is  an  indication 
of  entrapped  gas.  (Experience  has  shown  that  this  condition  invariably  results  in  poor  source 
operation,  e.g.,  sparking,  broad  specific  charge  distributions,  etc.)  If  a  clear  stable  drop 
appears,  however,  the  capillary  potential  Is  increased  until  the  droplet  ts  removed  and 
spraying  begins.  The  capillary  is  usually  allowed  to  operate  at  this  potential  for  about  30 
minutes  to  allow  the  source  to  “break  In.”  This  break-in  period  permits  that  initial  portion 
of  the  fluid,  which  may  have  picked  up  dirt  or  other  contaminants  from  the  transfer  line. 
Teflon  tube,  and  capillary,  to  pass  out  of  the  system  before  operation  begins. 

After  the  break-in  procedure,  the  capillary  potential  can  be  varied  over  a  wide  range, 
providing  a  number  of  interesting  spray  modes.  Follow  ir>s  Cohen  (Reference  2),  we  can 
classify  these  modes  into  three  general  categories,  *£  follows: 

a.  Mode  L  This  Is  the  mode  that  occurs  at  the  onset  of  spraying  and  at  slightly  higher 
potentials.  With  a  suitable  telescope  or  microscope,  one  can  observe  *  drop  of  fluid  going 
through  the  formation  and  ejection  cycle  pictured  in  Figure  16.  Typical  current  pulses  cor¬ 
responding  to  this  mod?  are  presented  in  Figure  17.  These  data  were  obtained  by  allowing 
the  charged  droplets  to  strike  a  collector  arranged  as  In  Figure  7.  However,  many  different 
pulse  pattern*  have  been  observed.  For  a  given  reservoir  pressure,  increasing  the  capil¬ 
lary  potential  generally  results  In  decreasing  the  pulse  length  and  pulse  period.  At  a  given 
capillary  potential,  however,  varying  the  reservoir  pressure  affects  the  pulse  amplitude 
and  length,  very  little  but  Increasing  the  reservoir  pressure  induces  the  pulse  period  con¬ 
siderably. 

This  spraying  mode  has  been  Investigated  in  detail  by  Carson  (Reference  9),  who  showed 
that  each  pulse  l#  composed  of  a  multitude  of  small  charged  droplets.  By  allowing  the  droplets 
to  pass  through  a  variation  of  the  Faraday  Detector,  described  previously,  he  was  able  to 
show  that  the  charge  on  the  droplets  eras  greatest  at  the  peak  of  the  current  pulse  (Figure  18). 

The  spraying  appears  to  take  place  continuously  from  the  tip  of  the  filament.  A*  the  length 
and  radius  of  the  filament  change,  one  would  expect  to  find  the  charge  and  mass  of  the  emitted 
droplets  undergoing  a  corresponding  change,  due  primarily  to  variation  in  the  charge  density 
and  hydrodynamic  stability  of  the  filament.  Using  a  tlme-of- flight  mass  spectrometer.  Carson 
verified  this  end  found  that,  in  general,  the  specific  charge  spectrum  Itself  varied  from  pulse 
to  pulse,  and  that  the  sprayed  droplets  had  higher  specific  charges  at  the  beginning  and  end 
of  the  pulses  than  at  the  peaks.  This  information,  coupled  with  his  observation  that  the  droplet 
charge  Is  a  maximum  at  the  peak  of  the  pulse,  indicates  that  more  massive  droplets  are 
generated  during  this  portion  of  the  pulse.  Carson  also  observed  a  maximum  spread  of 
specific  charge  values  at  the  peak  of  the  pulse. 

The  pulses  which  characterise  Mode  !  are  extremely  regular.  This  caa  oe  demonstrated 
by  triggering  the  oscilloscope  sweep  on  the  Initial  positive-going  part  of  the  pulse  and  ob¬ 
serving  the  pulse  length  and  period.  Only  alight  fluctuation  Is  observed  is  pulse  period  and 
amplitude  over  a  period  of  several  minute*. 
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Figure  16.  Mode  1  Spraying  Sequence 
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Figure  18.  Current  Contributions  by  tediviteal  Droplets  Daring  a  Pals© 
(Frost  Reference  8) 


h.  Mods  n.  As  the  capillary  potential  is  increased,  tbs  regularity  of  the  poising  often 
deteriorates,  resulting  la  a  oo Hector  current  that  consist a  of  random  noise  at  DC  level 
(Figure  19).  R  is  generally  postulated  that  this  mode  is  the  result  at  a  numbs?  of  filaments 
operating  in  Mode  1  bat  independently  of  one  another.  Vary  little  cjuantiiatleo  data  le  avail¬ 
able  concerning  this  mode. 

c.  Mods  m.  The  most  attention  to  elate  has  bees  given  to  Mode  IQ,  or  the  so-called 
"DC  mode."  which  is  characterised  by  a  steady  emission  of  charged  droplets  at  a  constant 
current  and  specific  charge  distribution,  (Figure  20).  This  mode  is  sometimes  obtained 
directly  from  Mode  1  by  increasing  the  capillary  potential  (Figure  21).  On  other  cocas  Iona, 
it  is  possible  to  drive  a  Mode  Q  beam  into  the  DC  mods  by  adjusting  both  the  capillary 
potential  and  mass*  flow  rate,  la  some  instances,  usually  with  a  damaged  capillary  or  poor 
fluid,  it  is  impossible  to  make  a  source  operate  in  Mode  HL  Some  solution/ capillary  combi¬ 
nations  have  proved  capable  of  operating  In  this  mods  over  a  wide  range  at  potentials  without 
degenerating  into  Mode  I  or  Q. 

Often  a  beam  is  referred  to  as  DC  even  though  t'wre  in  toms  "noise'*  or  poising  presect. 
Usually  this  labeling  is  limited  to  beams  In  which  tbs  pulse  height  is  less  than  10%  of  tho 
DC  current  level.  Figure  22a  shows  such  a  beam  correct.  Tbs  presence  of  additional  poises 
on  the  DC  level  doee  not  appear  to  adversely  affect  source  operation.  Figure  33  shows  three 
superimposed  T.O.F.  traces  of  a  pulsed  ♦  DC  beam.  A  slight  adjustment  at  either  capillary 
potential  or  mass  flow  rate  is  sometimes  auffletont  to  eliminate  the  pulsing. 

Tbs  DC  current  observed  at  a  oo  Hector  placed  is  a  beam  operating  is  If  ode  OX  la  tbs  net 
result  of  the  myriads  of  charged  droplets  produced  by  a  somber  of  fUaxassts  located  oa  the 
periphery  of  tbs  capillary  tip.  Tbs  ladividckl  fUamest*  probably  are  spraying  in  a  modified 
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Figure  19.  Bramplee  of  Mode  n  Spraying 
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Figure  21.  Mode  1  to  Mode  HI  Treneiitoa 
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Mode  L  Tbu*.  Mcdo  ED  La  roost  likely  a  fecial  cue  of  Ifeds  II  la  stitch  fee  peine  frequency 
a  ad  the  period  of  the  rartotsa  filaments  are  h?g*>  eaoqgh  to  overcome  fee  effects  of  phase 
difference.  An  indication  of  feo  nsmber  at  filaments  costrSbdag  to  each  operation  can  be 
obtainso  by  observing  tbs  to orasotary  Hacteatlora  fitrrfe reace  10)  ta  correal  which  some¬ 
times  occur  la  an  otherwise  strife  beam  (Figure  U).  The  shape  at  this  poise  tod  lea  tea  feat, 
for  some  reason,  a  filament  momentarily  stopped  spraying  tad  then  started  j^aln.  S  all  the 
filaments  are  contributing  roughly  the  aame  amocstt  of  current,  then  the  m»grnfc.rfw  erf  the 
current  drop  todlcatee  feat  ehoot  a  dozen  filaments  most  be  present. 

Coe  might  reasonably  assume  that  fee  DC  spraying  mode  Is  fee  result  of  s  delicate  ted 
perhaps  fortuitous  relationship  be  tureen  the  source  variables  sad  that  any  external  disturbance 
of  the  source  would  upset  this  relationship  and  lead  to  Mode  I  or  II  operation.  However,  this 
Is  not  generally  the  case.  Figure  25  shows  three  superimposed  tlme-of- flight  trices  taken 
over  a  period  at  about  two  minutes.  The  fact  that  the  capillary  potential  be  shorted  to 
ground  for  a  lev  milliseconds  and  then  allowed  to  re  tarn  rapidly  to  its  original  level  without 
changing  elthsr  the  current  or  specific  charge  distWhuttoo  at  tbs  beam  gives  an  todicatioa 
of  the  stability  of  the  spraying  mechanism.  Furthermore,  considering  V  as  fee  potential  at 
which  the  beam  changes  from  liode  II  to  Mode  m.  It  has  often  been  observed  that  after  Mods 
III  operation  has  been  obtained,  the  capillary  potential  can  be  lowered  several  hundred 
volts  below  V  without  the  beam  returning  to  Mods  H  There  is  at  fee  presets  no  expLazatfee 
available  for  this  hysteresis  effect. 

One  can  often  observe  a  beam  operating  in  two  modes  slmoltansousiy,  usually  in  Mode  HI 
and  Motto  H,  or  in  Mode  in  and  Mods  L  Occasionally  tare  Jets  are  obeerred  to  be  spraying 
in  Mode  I  simultaneously  but  cut  erf  phase  wife  each  other  (see  Figure  17d). 

A  fourth  mode  has  been  observed  in  eloctrohydrodyaunlc  spraying  wherein  an  electrical 
discharge  take#  place  at  the  capillary  tip  (Figure  25).  Little  ctota  is  available  co  this  mode 
simply  because  most  investigators  strive  to  avoid  it.  A  source  operating  in  this  mods  pro¬ 
duces  beams  containing  copious  quantities  of  ions  in  addition  to  a  broad  distribution  erf  low 
specific  charge  particles.  Capillary  erosion  beoomes  severe  in  this  mode,  and  in  some  cases 
the  tfpr  have  been  observed  to  glow  red  hot  and  even  melt.  One  explanation  feat  has  been 
offered  ten'  this  mods  is  feat  ssosedary  electrons  beat  fee  capillary  Up  sad  increase  Quid 
evaporation,  which  leads  to  a  local  high- pressure  region  in  fee  vicinity  orf  fee  capillary  tip 
and  auboequsnt  electrical  breakdown  because  at  fee  high  fields  present.  This  same  behavior 
is  found  in  sources  feat  are  operated  at  negative  potentials,  however.  fry» rating  feat  fee 
cause  is  most  likely  in  fee  source  itself.  This  mods  of  operation  is  cfe trimental  to  sources 
designed  primarily  for  beavy  particle  generation,  but  It  is  interesting  enough  in  Itself  to 
warrant  more  study  than  it  has  received. 

Figures  27  and  28  ahow  how  specific  charge  and  beam  current  vary  as  a  function  of  capillary 
potential  for  a  few  eolations.  Tbs  parameters  corresponding  to  these  curves  are  found  in 
Table  L  Plots  erf  specific  charge  vs.  V  for  fee  same  solution  at  dLSerect  reservoir  pressures 
are  presented  in  Figure  29.  Figure  SO  illustrates  tew  fee  specific  charge  versus  capillary 
voltage  curve  varies  with  solute  ocnceatrattac. 

As  can  be  seen  from  these  graphs,  fee  behaviour  of  a  given  source  dspeode  upon  both  fee 
solute  and  the  capillary  from  which  ft  is  sprayed;  for  example,  curves  A  and  D  of  Figure  27 
are  both  generated  from  stainless  steel  aouroes  wife  fee  same  solvent  and  cxttoc.  yet  fee 
slope  of  A  Increases  wife  increasing  V  while  fee  slope  ct  D  decreases.  This  behaviour  is 

most  lately  fes  result  ef  a  difference  in  anions  in  fee  too  sofottoos.  A  similar  circumstance 
octets  in  A  and  J  of  Figure  28.  Hare  identical  solutes  wore  used  in  gjrycsroUxa  the  capil¬ 
lary  materials  (stainless  steel  tor  A  and  Platinum  for  J)  apparently  caused  fee  curve  slopes 
to  increase  and  decrease,  respectively,  wife  increasing  voltage. 
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Figure  26.  Discharge  at  Capillary  Tip 


Table  I  is  a  compilation  of  the  results  obtained  from  over  two  year's  study  of  various 

c  fluids.  The  data  presented  under  the  beading  “representative  performance”  indicates  tbs 

beat  results  that  could  be  achieved  consistently  with  the  designated  source/ solution  com¬ 
bination.  Data  marked  with  an  asterisk  is  exceptional  performance  which,  for  one  reason 
or  another,  coaid  not  ba  duplicated  or  was  not  typical  of  the  source's  usual  operation.  Tbs 
specific  details  are  described  under  the  column  beaded  “comments." 

With  tbs  exception  of  H2SO^/gly*»rol.  solutions  which  were  found  to  perform  well  at 

0  positive  capillary  potential  would  not  perform  well  at  negative  potentials  ami  vice  versa. 

Figure  31a  shows  that  previously  described  transition  of  an  Hal/glycerol  solution  from 
Mode  1  to  DC  as  tbs  capillary  potential  Is  increased.  At  negative  potentials,  however,  tbs 
pulsed  mode  degenerated  Into  an  unstable  combination  of  Mode  H  and  IV  (Figure  31b). 
Extended  examination  of  Nal/glycerol  revealed  that  this  fluid  was  not  capable  of  producing 
a  DC  beam  at  negati/e  potentials.  A  possible  explanation  for  this  behavior  la  presented  in 
detail  in  tbs  following  section. 

3 

a  is  Interesting  to  observe  tbs  action  of  various  solutions  and  operating  conditions  on  the 
capillary.  Figure  32a  show*  the  tip  of  a  stainless  steel  capillary  with  measurements  of  0.32 
inch  o.d.  and  0.0185  inch  Ld.,  and  with  a  0.012  inch  diameter  wire  Inside  it;  pitting  was 
noted  after  tee  capillary  was  operated  at  25-20  kilovolts  for  several  hours.  The  solution 
consisted  of  3  ml  H^SO^/100  ml  gtyoarol.  Tbs  ctm*  of  the  pitting  to  not  known. 

®  Coban  has  occasionally  observed  similar  pitting  os  platinum  capillaries.  The  0.029  inch 

o.d.,  0.004  inch  Ld.  platinum  capillary  tip  shown  in  Figure  S2b  wag  operated  for  over  24 
hours  st  bote  positive  and  negative  potentials  between  3  and  23  kv.  A  solution  consisting  of 
1  gm  NaCl  In  100  ml  tetrae  thy  Ians  glycerol  was  befog  sprayed.  Figures  32s  and  32d  are 
before  and  after  photos  of  a  0.012  Inch  o.d.  and  0.006  Inch  Ld.  stainless  capillary  which 
sprayed  a  3  m2  H^SO^/lOO  ml  glycerol  eoiutloa  for  about  40  hours.  The  capillary  shewn 

q  i  in  Figures  3Sa  end  33b  are  0.012  inch  o.&,  0.004  tech  Ld.  platinum  guchtesd  to  a  0.020  inch 
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long  tip  lbcrat  0.003  Inch  In  diameter.  This  capillary  Is  thown  as  It  appeared  tiler  so* 
simulating  a  total  operating  time  of  crrer  400  hours  at  positive  potential  with  20  gm  Nav  i-Ctai 
glycerol  solutions.  Although  no  detertoratioa  of  the  tip  wtls  observed,  several  pita  such  as 
that  shown  la  Figure  32c  were  found  along  the  side  at  the  capilLrnr  about  2  aa  from  the  Up, 
This  pitting  may  be  due  to  aeoocdary  electrons  emitted  from  the  — icuwm  chamber  wails. 
The  tip  probably  rer^lned  undamaged  because  the  extractor  plate  na  operated  at  about 
400  volts  below  ground  to  produce  an  electron  potential  hill  in  front  of  the  capillary.  Fig¬ 
ure  33d  shows  a  stainless  steel  capillary  measuring  O.OOS  Inch  o.d.  and  0.004  inch  lid.  that 
became  plugged  with  nickel  after  spraying  a  1©  gm  N1C12*€H_  0/50  glycerol  sciatica  for  four 
days  at  a  potential  of  -5  kilovolts. 

The  beams  of  charged  droplets  produced  by  the  electrohydrodynamic  spraying  process 
are  usually  confined  within  a  total  angle  of  60*.  Qu.ta  often,  the  beam  axis  is  found  to  He 
at  a  small  angle  relative  to  the  capillary  axis;  this  is  probably  due  to  the  capillary  not 
being  centered  In  the  extractor  electrode  hole.  It  la  not  uncommon  to  find  several  distinct 
beams  being  produced  simultaneously,  resulting  is  a  beam  of  hollow  conical  cross  section. 
Figure  34  shows  bow  such  a  beam  “polished”  an  annular  portion  of  a  collector,  leaving  tbs 
center  undisturbed. 

Attempts  to  measure  the  specific  charge  distribution  within  the  beam  have  sot  been  very 
successful.  Figure  35  shows  a  horizontal  distribution  measurement  made  with  a  tlme-cf- 
fligist  spectrometer  and  a  20  gm  Nal/100  ml  glycerol  solution  being  sprayed  from  a  0.003 
inch  o.d.,  0.004  inch  Ld.  stainless  steel  capillary.  These  measurements  were  taken  at  a 
potential  of  6  tv.  Figure  35  is  a  similar  distribution  measurement  mads  with  a  15  gm 
Nal/100  ml  glycerol  solution  and  the  quadrupole  mass  spectrometer.  As  shown,  the  general 
trend  la  for  a  beam  to  become  more  collimated  at  higher  capillary  potentials.  Figure  3?. 
made  with  the  same  source  characteristics  as  Figure  36,  shows  how  the  distribution  varies 
horizontally  and  vertically. 

Ttffl  specific  charge  versus  collector  current  curves  presented  in  Figures  38-40  show 
some  of  the  specific  charge  distributions  that  have  been  obtained.  Figure  33  shows  a  beam 
consisting  predominately  of  ions.  The  peaks  correspond  to  those  produced  by  sodium  ions 
surrounded  by  glycerol  molecules.  The  difference  between  the  experimental  values  of  to® 
peaks  and  the  calculated  value  a  in  indicated  in  per  cent.  Similar  too  jets  have  baen  observed 
at  negative  potentials,  as  shown  in  Figure  40.  Figure  39  shows  the  specific  charge  distribu¬ 
tion  of  a  jet  containing  both  heavy  pert  idee  ami  iota. 
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SECTION  V 

SOKE  THEORETICAL  CONSIDERATIONS 
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Oca  a 4  ths  major  probteete  Is  the  study  of  charged  droplet  beams  bt  t fee  difficulty  tn 
da  scribing  the  spray  leg  process  rtgorooaly  by  mathematical  os  ana.  This  dCfficelty  arises 
because  the  process  Is  microscopic  osd  meat  bo  treated  on  a  dynamic  ratter  Sfcaa  e  static 
basts.  Turtfcsrtnor®.  a».*7  erf  tbs  persmeters  taffesacing  the  spraying.  fee  sciatica 
resfetirtty.  sarfacs  '-ssak*,  rapor  proessra.  eta.,  oedsrgo  major  charges  from  ttatr  both! 
▼abase  whss  exposed  to  ths  ocadtttaes  existteg  at  the  capillary  Up  daring  spraying.  B  is 
possible,  bow*©?,  to  apply  some  fundamental  physical  principles  tn  ths  operailea  erf  ths 
eooros  usd  gala  some  usie  retarding  erf  ths  basic  coagtralsts  taster  w&Jcfc  ebargsd  droplsts 
are  paoduoed  (Referenced  11.  12,  12,  14j. 

Oats  important  conskteraiica  is  that  of  the  Instability  forces  which  act  aa  a  sorf&oe  by 
vtrfc®  of  the  c huge.  Sach  instabilities  bars  bees  studied  recently,  both  saeiyticaUy  and 
experimentally,  by  Hog&a  (Reference  11),  Schneider  (Befercaoe  10),  ami  Caraoo  (Rdenac® 
9).  Tha  two  most  Important  instability  criteria  are  the  Rayleigh  limit  and  Said  aenbsetoa 
limit. 


9  « 


9  < 


The  Rayleigh  limit  represents  ths  maxtaaaa  specific  chargs  that  a  drop  1st  can  pasensn 
before  the  stabilising  mrizos  esargy  tores*  are  ororeoma  by  cociombk)  rspalaioe  forces, 
which  esaae  ths  droplet  surface  to  rsp&zra.  RsykjigJs  originally  calcoiatsd  ths  limiting 
specific  charge  cat 


« 


(24) 


efesrs  c'g  to  On  s&afsasaa  spsdflo  chugs  &ai  eea  be  peonend  by  a  &rophs*  orf  radfcto  r, 

deaaity  p  ,  aid  ccrfeca  teastoa  y .  Osiag  essrgj  fiaiB&ai«tto»  toeheispiss,  Va'jt&rgut  eai 
H®aS» asr  (HaiWisao*  IS)  arrived  at  a  limiting  specific  charge  just  half  that  erf  Baylaigh, 


(25) 


I 


4 


Pfaifsr  ffSeferoasw  12)  fesssd  tie  bttSer  saqasratea  to  fca  is  a^rsasasat  wta  espartosata  at  »  4 

few  cpac HJa  c&arga,  aLS&owgfc  a  tread  toward  Ssyletgji'a  original  limit  was  obsarved  ct  ' 

sfssSSe  chorgo  ferals  ca  ©a  ostter  erf  18®  erc&ss&eAslograa. 


A  saossd  Uzail  os  ®p©«t£2c  charge  arfees  vfam  the  electric  field  c#  ths  droplet  becomes 
^sffisdastJy  tatsea®  to  field  amU  fees,  or  elsstrcr-a  if  ttsa  dsoplei  fa*  cegetiwly  chargadi  Tbs 

efestrtc  field  at  ths  serfs?*  of  a  drepSet  of  rsdloa  r  «sd  chargb  q  is  B  •  vi:^  T|"’  •“** 

Ag  ^  f 

_ _  _ _ _  _  _  _  r p .  ©a  fcrsacr  eqositaB  fcy  ths  latte*  esd  re» 

amsgjbeg  yield  t fan  spactSo  charge  of  Car.  deoplsl  ta  byna*  of  oloctorto  Geld  fcsCsESiiy  es d 
dscpSet  mcSas.  SBfca&tefeg  far  8  the  safes  BQ  at  which  is®  or  sJeetrea  esatmioa  cccors, 

ths  tea  osairsfea-lfeiitsd  cjaeSSc  cMs^s  ^  fecaJ  to  bsj  > 
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Equations  24.  25,  and  26,  calculated  for  glycerol,  are  presented  graphically  in  Figure  41. 
Rayleigh- type  instability  predominates  at  lour  values  of  specific  charge,  and  the  field  emission 
limit  at  high  valuas.  The  field  emission  limits  plotted  in  Figure  41  have  used  u  E  to  values 

10  9  ° 

10  volte/meter  and  10  volta/meter,  which  are  representative  values  tor  field  emission  of 

ions  and  of  electrons,  respectively,  from  metals.  The  electronic  structure  of  a  metal,  how¬ 
ever,  Is  vastly  different  from  that  of  an  ionlcally  doped  fluid  such  as  glyceroL  In  the  case 
of  a  metal,  the  conduction  electrons  are  not  bound  to  a  particular  atom  and.  thus,  have  a 
Fermi  distribution  of  energies.  Since  the  electrons  la  an  ionic  solution  are  bound  to  the 
various  tons,  the  electron  energy  Is  comparable  to  the  vibrational  energy  of  the  tons.  Con¬ 
sequently,  the  electron  emission  limit  for  negative  liquid  droplets  Is  quite  likely  on  the  order 
of  the  positive  ton  emission  limit  for  metals. 

The  spraying  of  charged  droplets  from  an  electrified  capillary  Is  thus  seen  to  bo  the  result 
of  coulombic  forces  overcoming  surface  tension  forces  and  rapturing  the  liquid  surface. 
Obviously,  for  this  to  occur,  free  charge  carriers  mast  be  present  In  the  liquid.  A  perfect 
dielectric,  instead  of  spraying,  would  tend  to  flow  to  the  region  of  highest  electric  field 
(a  phenomenon  known  as  dielectrophoresis).  Experimentally  one  finds  that  many  dielectric 
fluids  do  spray  -  probably  dvo  to  field  enhancement  of  their  conductivity  -  but  these  fluids 
are  characterized  by  very  low  currents  and  specific  charges,  even  at  extremely  high  ex¬ 
tract  ton  potentials. 

The  Rayleigh  limit  cannot  be  applied  directly  to  the  liquid  surface  at  the  Up  of  a  capillary 
because  It  Is  impossible  in  practice  to  measure  either  the  charge  density  or  the  ciso  cf  the 
jets  that  occur  during  spraying.  At  best,  the  Rayleigh  limit  providae  a  feeling  for  the  maxi¬ 
mum  droplet  also  that  can  be  expected  at  a  gives  value  cf  specific  charge. 

The  spec  if  lo  charge  of  the  drop  Lets  produced  as  a  charged  liquid  jet  ruptures  is  a  function 
of  the  charge  (tensity  at  the  jet  tip  just  prior  to  droplet  formation.  This  charge  (tensity,  is 
turn,  depends  cm  the  electric  field  in  the  vicinity  of  the  jst.  tbs  charge  and  mobility  cf  the 
charge  carriers  is  tee  liquid,  and  finally,  the  rate  at  which  charge  is  neutralized  at  the 
capillary.  Thus,  for  a  given  capillary  potential,  the  three  major  factors  governing  the 
spraying  process  are  the  Rayleigh  instability,  ionic  Immobility,  and  electrode  jv action  at 
the  capillary.  Of  these  three,  the  Raylsifch  instability  is  probably  the  least  subject  to  control; 
the  others  depend  upon  field  strength,  solvent,  solute,  end  capillary  material.  Either  tb»  tonic 
mobility  or  the  electrode  neutralization  reaction  may  bs  tee  rate-determining  factor  in  the 
spraying  process.  It  la  quite  likely  that.  In  most  cases,  a  combination  of  these  two  factors 
determines  tha  rate  of  the  spraying  and  hence  tee  specific  charge  of  the  droplet  beam,  ha 
selecting  tbs  doping  agents  to  bo  used  In  a  particular  solvent,  one  must  thus  psy  close 
attention  to  the  electrochemical  characteristics  of  the  solution,  in  particular,  the  nop inj 
agent  should  go  tsto  tonic  solution,  and  should  bs  capable  of  reducing  the  resistivity  of 
the  solvent  to  tbs  ordar  of  a  few  thousand  cbm- oen  time  tars  without  adversely  affecting 
tee  viscosity  or  vapor  pressure  of  the  solvent  If  a  given  polarity  beam  is  to  be  generated, 
teen  tea  ton  species  c i  opposite  sign  in  tee  solvent  must  be  capable  cf  being  easily  osUraltsed 
at  the  capillary.  This  compatibility  requirement  Is  a  result  of  tea  electronic  nature  of  too 
tons  and  capillary  material  and  can  bs  determined  in  the  following  cancer. 
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An  ion  of  charge  q  and  radius  a  in  vacuo  has  associated  with  it  an  electric  field  in  which 
is  stored  an  amount  of  energy  equivalent  to  the  work  required  to  charge  the  ton.  This  energy 
is  of  magnitude 


E 


vacuo 


s 


4**0 


(27) 


In  a  liquid  of  uniform  dielectric  constant,  k,  the  work  required  to  charge  the  ion  is  lower 
than  in  vacuo  by  the  factor  k* *  so  that  the  energy  stored  in  the  ionic  field  is  tower;  Le. 


E..  ^  * 

liquid 


— ! — i—  ,  J_  £ 

4y«(  2Ka  K  vocuo 


(20) 


This  difference  in  energy  is  called  the  solvatloh  or  hydration  energy,  W,  of  the  ton  in  the 
liquid  and  is  given  by  the  Dorn  equation: 

i  *  i 

W  *  (  I  -  —  )  (29) 

4ir«0  2o  K 

The  hydration  energy  of  an  ton  of  radius  2  x  10  ^  meters  is  about  3.6  e. v.  in  liquitto  such  as 
glycerol  and  water  which  have  a  dielectric  constant  for  whichfl  -  )  =*  1. 

In  order  to  use  Equation  29,  one  must  use  the  crystal  radii  of  ions  and  modify  these  values 
to  account  for  the  variations  in  the  dielectric  constant  of  the  Liquid  in  the  immediate  vicinity 
of  an  ion  and  the  effect  of  solvent  molecules  on  the  ton.  Latimer  (Reference  16)  found  that 
the  addition  of  0.1A  to  the  crystal  radii  of  nagative  ions  and  0.85 A  to  the  crystal  radii  of 
positive  ions  In  the  Born  equations  produced  values  of  solvation  energy  in  good  agreement 
with  experimental  values.  This  method  was  used  to  calculate  the  solvation  energies  in 
Table  m. 


The  solvation  eaergy  of  an  Ion  changes  the  position  of  the  electronic  level  of  the  ton  in 
solution  from  the  value  in  vacuo.  This  effect  is  demonstrated  by  carrying  ion  A  through  a 
Born- Haber  cycle: 


Vacuo:  A(nautral) 


A  ( charged) 


Solution: 


A  (neutral) 


W 


A  (charged) 


(3d) 


(£ 


& 


a 


* 


> 


€ 


>  a 


i  ®  a 


>  a 


»  a 


In  the  case  of  a  positive  ton  A*,  the  depth  J  of  the  lowest  vacant  electron  level  Lo  *o  button 

is  equal  to  the  work  required  to  remove  an  electron  from  the  neutral  atom  in  sohitkm.  This 
work  is  equivalent  to  that  required  to  remove  the  neutral  atom  from  the  ootottoa:  La.,  the 
heat  of  solution.  H  ,  of  the  atom  pita  the  work  required  to  toniro  the  atom  (the  atom's 
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TABL5  til 


icwic  Tuuuents  i*  clycz&ol 


I collation  laargy  Solvatloa 

to  Vecuo,  ^  *  to*rgy  U 

(electron  volts)  (electron  volt*) 


Approslasta 

leolxatlca  Eaergy  Isterfeclal  loaie 

la  SoUtlon  J  tool*  at  tot.  Energy  nubility 
(alectrcw  volts)  C  »  J  +  y  (  ^  “J)  8  18*C 

(elecfroo  volts) 


7.5* 

5.1* 

9.95 
6.09 

11.82 

8.96 
16.8* 

7  81 
17.3 
6.7* 
16.6 
7.68 
20.3* 
7.83 
16.16 
~  30 
13.53 
10.39 
18.65 
*.32 

5.36 
7.61 

14.96 
5.12 
7.61 

18.2 

•  9.j 

~  ia 
24.7 
5.67 

10.96 

9.36 
17.89 
-4.1* 
-3.78* 
-3.52* 
-3.12* 
-2.5* 
-2.34* 
-2  7 


17.95 
-3 
-1* 
3.39 
17.95 
-  3.5 
-17.7* 
—  *2.6 
11.1 
3.32 
14.43 
3.23 
4.61 
4.22 

18.7 
3.87 

-3.37 
-17.2 
li .  i 

•n 

"39.4 

3.25 

14.3 

4.07 

16.8 
4.83 
3.69 
3.44 
3.12 
3.09 
2.46 


-  * 

-  6 
3.79 
6.28 
-4 
-  2 
-5.14 
4.67 
7.07 
7.32 
1.09 
0.75 
3.39 
0.48 
1.05 
4.24 
*'  4.37 


*  EandVoo*  of  ffrvalca  navi  Chcsdatry,  39*“  Sdltloa;  Chaa.  txbbm  Publishing  Co. 

*  Principles  aod  applications  of  !U  ect  roc  heel  x  try.  3^  Id  it  loo,  Crolghtoo  sad  ttoehlar;  Mm  Vila? 
6  Sons,  lac. 

t  2ahl*t»on*_garf  Pyactlpoan  act  ffryalk.  Qvcalc.  Aatroacele.  Coogfrwlh  wp6  TecSoH:  Uo8olt- 
WSreotein,  Springer  Verlajr  Berlin,  Caraeny  (1950) 
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Ionization  potential.  minus  the  solvation  energy,  W+,  lost  when  the  Ion  Is  returned  to  the 
solution.  Thus,  *  *  * 


assuming  Hg  to  be  negligibly  small.  The  result  of  the  ton's  solvation  energy  Is  to  raise  the 
position  of  the  vacant  electron  level  in  solution  relative  to  its  position  In  vacuum. 

In  the  case  of  a  negative  ton,  B~,  the  depth,  J^,  of  the  highest  occupied  electron  level  will 
be  equal  to  the  work  required  to  remove  the 'electron  In  this  level  Infinitely  far  from  the 
neutral  atom.  This  work  requires  removing  the  Ion  from  solution  at  an  energy  Investment 
equal  to  the  solvation  energy,  W_,  of  tha  Ion  and  then  removing  the  supernumerary  electron, 
the  last  operauon  requiring  an  "amount  of  work  equal  to  the  electron  affinity  of  the  neutral 
atom.  Returning  the  neutral  atom  to  the  solution  results  in  a  negligible  energy  gain  in  the 
form  of  heat  of  solution.  The  total  energy  expended  in  the  above  process  Is 

J.  8  J.  ♦  W.  *32) 

Therefore,  the  occupied  electron  level  Is  lowered  In  solution.  This  shifting  of  electron  levels 
Is  presented  graphically  in  Figure  <2. 

In  the  case  of  doubly  charged  ions.  Equations  31  and  33  become 

J  *  &  -  (W  -  W  )  ( 3)o) 

(/*♦  4»  ♦ 

and 

J_  «  &  ♦  (  W  W  )  (32c) 

where  J  ++  and  J__  are  the  respective  electronic  levels  in  solution  of  doubly  charged  positive 
and  negative  tons.  W+  and  are  toe  solvation  energies  of  the  singly  and  doubly  charged 
positive  Ion  while  W_  and  W _ are  the  solvation  energies  of  the  negative  ton. 

We  must  also  account  for  the  fact  that  some  ions  form  diatomic  molecules  upon  neutrali¬ 
zation.  In  this  case,  a  further  modification  of  Equations  31  and  32  is  necessary: 

J.  8  ^  ♦  T  0 

J.  «  ♦  W.  -  yD  ( 32b) 

Hero  D  da  no  tea  the  dissociation  energy  of  the  neutral  diatomic  molecule. 

As  mentioned  previously,  the  importance  of  the  above  factors  sppea  s  in  the  neutralization 
reaction  occurring  at  the  capillary.  At  positive  capillary  potentials,  the  electrochemical 
reaction  occurring  at  the  capillary  tip  is  one  In  which  negative  ions  are  neutralized  while 
positive  ions  escape  In  droplets.  The  neutralization  is  accomplished  as  an  electron  passes 
from  the  a* ion  to  the  capillary.  Following  Gurney  (Reference  17)  and  Butler  (Reference*)  18, 
19),  we  view  the  average  rats  of  the  neutralization  to  be  dependent  upon  the  relative  magni¬ 
tudes  of  the  capillary  work  function,  <p  ,  and  the  depth  of  the  electron  level  at  the  metal 
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solution  Interface.  Thus,  since  neutralisation  requires  the  electron  to  pass  from  the  an  loo 
to  the  capillary,  the  optimum  energy  relationship  for  this  reaction  should  be 

+  R  (33) 

where  R  Is  included  to  reflect  the  waning  Influence  of  the  solvent  molecules  on  the  ion's 
electron  level  as  the  Ion  approaches  the  capillary/ solution  Interface.  Since  the  electron  level 
will  have  a  depth  between  Its  value  of  &  In  vacuo  end  in  the  interior  of  the  solution,  an 
arbitrary  level 

0.  *  J.+  -j  J.  )  13*5 

has  been  defined  for  purposes  of  selection  and  tabulated  tor  glycerol  solutions  of  various 
tons  In  Table  HI.  Equation  33  thus  becomes 


>  0.  (3*3) 

Therefore,  the  requirement  for  an  anion  to  be  used  In  a  solution  for  the  generation  at  positive 
charged  droplet  beams  Is  that  the  anion's  interfacial  electron  energy  level  Ur  iUui  the 
capillary  work  function. 

At  negative  capillary  potentials,  the  neutralisation  process  consists  of  an  electron  being 
transferred  from  the  capillary  to  the  cation.  The  resulting  condition  for  catkin/ capillary 
compatibility  at  negative  capillary  potentials  is 

<£_  <  (36) 

The  fact  that  Equation  36  is  not  satisfied  for  the  Ha4  loo  explains  the  extremely  poor  per¬ 
formance  of  solutions  of  sodium  salts  at  negative  potentials,  R  should  be  emphasised  that 
these  relationships  have  been  deduced  assuming  very  elementary  models  of  Ionic  solutions, 
and  that  they  do  not  therefore  apply  to  more  complicated  situations  where  complexes  or 
Uganda  are  formed. 

The  above  logic  led  to  the  selection  (Reference  14)  of  about  a  half  dozen  doping  agents  which 
performed  quite  satisfactorily.  E  was  found,  however,  that  although  materials  selected  on 
the  basis  of  tbs  criteria  of  Equations  35  and  36  were  always  capable  of  Mode  m  operation, 
they  did  not  always  lead  to  high  specific  charges  or  efficient  specific  charge  distributions. 
While  this  could  be  due  to  many  factors,  it  was  found  that  If  the  ton  being  neutralized  had  a 
higher  mobility  than  the  ion  ejected  from  the  capillary,  then  much  better  specific  charge 
distributions  resulted  (e.g..  NaOH/glyoerol  produced  better  distributions  than  Hal/giyoerol 
at  positive  potentials  and  d^SO^/glycerol  yielded  hotter  performance  at  negative  capillary 

potentials  than  at  positive.)  Under  these  conditions,  the  average  specific  charge  also  in¬ 
creased,  indicating  the  possible  Importance  of  the  neutralization  reaction  on  thin  parameter. 
Some  values  of  lnoic  mobilities  for  aqueous  solutions  are  tabulated  In  Table  m,  These 
values  do  not  vary  significantly  from  solvent  to  solvent  for  all  tons  with  the  possible  ex¬ 
ception  of  the  H+  ton. 

The  above  considerations  have  treated  the  charging  process  as  inductive.  Clgnows  (Ref¬ 
erence  30)  has  advanced  the  theory  that  droplet  charging  results  from  a  corona  type  dis¬ 
charge  present  at  the  capillary  tip  daring  spraying.  Several  factors  mitigate  against  this 
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view,  however.  First  ia  the  repeated  observation  that  source  performance  always  Improves 
with  lowered  ambient  pressure.  U  Is  when  the  local  pressure  In  the  vicinity  of  the  capillary 
*5 

increases  to  about  10  Torr  that  one  begins  to  observe  diffuse  glow  at  the  capillary  Up, 
poor  specific  charge  distributions,  and  deteriorating  performance  in  general.  Secondly,  no 
visible  discharge  or  glow  haa  ever  been  observed  at  the  capillary,  even  with  a  telescope 
and  a  completely  darkened  room,  when  the  source  has  been  performing  at  Its  best.  Finally, 
the  corona  charging  view  is  not  consistent  with  the  observed  dependency  of  specific  charge 
peaks  and  distributions  on  the  electron  levels  of  the  solvated  loos. 

Equations  35  and  36  establish  the  Ionic  and  metallic  characteristics  necessary  for  th® 
production  of  a  stable  charged  particle  beam,  but  give  ao  Indication  of  the  current  or  specific 
charges  obtainable  from  a  charged  particle  e*/urce  possessing  these  characteristics. 
Pfeifer  (Reference  12)  examined  some  of  the  major  parameters  influencing  the  specific 
charge  of  electrohydrodynamlcally  sprayed  droplets  and  obtained  an  express  loo  relating 
specific  charge  to  the  surface  tension  y ,  permittivity  <  ,  (tensity  D,  and  resistivity  p  of 
the  working  fluid: 


C  at 


(37) 


where 

E  is  the  electric  field  at  the  capillary  tip, 

M  Is  the  mass  flow  rate  of  the  fluid  through  the  capillary,  and 

kg  is  an  area  proportionality  constant  with  a  value  between  1  and  4.  Heifer  concluded  that 

the  fluid  resistivity  and  surface  tension  at  field  strengths  below  250  x  1(T  volts/mater  would 
bo  affected  significantly  by  variations  in  the  electric  field  E  and  would  make  the  droplet 

specific  charge  approximately  proportional  to  B2.  fn  the  intermediate  field  strength  region 

of  250  x  10  to  700  x  10  volts/meter,  the  field  effects  oo  the  resistivity  are  expected  to 
approach  a  constant  value  and  cause  the  specific  charge  to  become  roughly  proportional  to 

E1^2.  At  field  ttrengths  above  700  x  105  volts/meter,  electron  emission  was  expected  to 
become  significant  in  the  conduction  process  and  the  droplet  specific  charge  to  increase  in 
some  exponential  fashion  with  increasing  electric  field  strength.  These  conclusions  nave 
been  found  to  agree  with  experimental  data  (References  12,  14). 

The  primary  motivation  for  the  work  described  In  this  report  has  been  the  promise  of  a 
very  efficient  and  versatile  electric  propulsion  thrustor,  the  details  of  which  are  described 
In  tbs  following  chapter.  Specific  charge  levels  and  currents  suitable  for  such  applications 
can  now  be  produced,  but  much  work  remains  to  be  done.  Some  of  the  areas  yet  to  be  explored 
are  spraying  of  liquid  metals,  operation  of  high- current  hlgh-opedflo-charga  sources,  and 
study  of  positive  and  negative  beam  Interactions,  to  name  but  a  few.  As  was  pointed  out  above, 
understanding  both  the  hydrodynamics  and  the  electrochemical  aspects  of  the  process  has 
barely  begun.  A  study  of  these  problems  will  lead  to  not  only  a  better  understanding  of  the 
electrohydrodynamlc  process  In  particular,  but  to  Increased  knowledge  of  electrode  processes 
and  electrokinetlc  phenomena  In  general. 
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SECTION  VI 

APPLICATION  OF  COLLOIDS  TO  PROPULSION 

The  benefits  of  applying  electric  propulsion  to  space  missions  hare  been  amply  Illustrated 

by  many  authors  and  summarized  by  Stuhllnger  (Reference  21).  Electric  propulsion  systems 

are  power- limited,  which  leads  to  an  optimum  specific  impulse  for  a  particular  mission. 

This  optimum  I  la  a  function  of  mission  time  and  power- supply  specific  power.  Resistor- 
sp 

Jets,  arcjets,  MPD  arcjets,  and  toe  engines  cover  the  specific  Impulse  range  of  approximately 
700-2000  and  *0011-20,000  seconds,  The  range  of  2000-4000  seconds,  however,  has  not  been 
satisfactorily  covered  by  any  device. 

Covering  this  rang®  has  been  the  objective  of  new  propulsion  schemes,  including  the 
colloid  thrustor.  Also,  colloid  thrusters  are  presently  attractive  for  meeting  the  require¬ 
ments  for  low  power  and  low  thrust  (100-200  ft  lbs)  engines  suitable  for  altitude  control 
and  station  keeping  for  earth  satellites.  Two  parameters  of  intercut  from  the  propulsion 
standpoint,  the  beam  current  and  charge- to- mass  ratio  of  the  droplet,  depend  upon  the 
capillary  potential,  flow  rate  of  propellant,  and  the  solution  being  sprayed.  Positive  particles 
having  charge- to- mas s  ratios  of  100-30,000  ooulombs/kg  can  be  obtained  in  the  laboratory. 
Negative  colloids  can  be  produoed  having  charge- to-mass  ratios  In  the  range  of  300-4000 
coulombs/kg.  Ten  microamperes  per  capillary  needle  and  a  thrust  of  1-3 /a  lb  per  needle  is 
presently  possible. 

Originally,  a  colloid  thru® tor  was  viewed  as  a  variation  of  the  conventional  Ion  engine 
(see  Figure  43).  Laboratory  results,  however,  indicate  that  use  of  the  extractor  electrode 
alone  will  be  sufficient  to  accomplish  missions  of  moderate  specific  impulse.  The  advantage 
of  the  colloid  engine  over  an  Ion  engine  is  Its  high  ionisation  efficiency,  which  Is  especially 
critical  at  low  power  ievsls.  Dr.  R.  E.  Hunter  of  APAFL  proposed  a  colloid  thrustor  which 
simultaneously  expels  positive  and  negative  droplets.  This  concept  eliminates  the  need 
tor  neutralization  by  electron  injection,  which  is  an  inefficient  method  of  neutralization. 
Arranging  capillaries  In  a  matrix  so  that  each  is  surrounded  by  four  capillaries  of  opposite 
polarity  establishes  a  virtual  aocelcr-*,Tg  •Jectrode  in  front  of  the  array ,as  shown  la  Fig¬ 
ure  44.  Another  scheme  would  l.  *•>  u?c  a  cor.itooe  extractor  plane  with  the  capillary  needles 
positive  and  negative  with  respect  to  the  extractor,  as  shown  In  Figure  46. 


Figure  48.  Schematic  Diagrams  of  too  sad  Colloid  Thrustors 
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The  f-liowtrg  diacussxm  and  analysis  will  attempt  to  g-re  a  re  -^h  Indication  of  the  rargg 
of  appl.olloo  for  a  colloid  thrustor  based  upon  today's  techno  log)  >nd  assuming  the  ceces- 
sary  life  Umes  are  possible. 
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Bv  Equations  47  led  40: 
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where 


Pg  «*  beam  power 


Equation*  40,  45,  48,  49,  and  53  were  used  to  plot  tha  graphs  shown  as  Figures  47  through 
53,  Shaded  areas  Indicate  tha  possible  range  of  application  for  a  cc’loid  thrustor.  The 
two  values  of  specific  power  are  for  solar  cells  and  the  SNAP  10-A  nuclear  power  plant. 
These  Talves  are  representative  of  the  present  state  of  the  art  in  space  power  plants  or 
sources. 


Figure  47  shows  that  missions  from  about  1/3  to  1  year  faH  in  the  specific  Impulse  gap 
for  minimum  weight  when  the  specific  power  for  solar  cells  la  used  in  the  calculations. 
Tha  SNAP  10-A  power  supply  has  a  specific  power  much  leas  than  that  of  solar  cells;  hence 
the  optimum  specific  impulses  for  1/3  to  1  year  for  this  source  are  below  the  I  gap. 

®r 

Any  imp*  ~®meata  in  nuclear  power  generators  in  the  next  few  years  should  give  values 
soi-ewbe .  _i  between  the  two  extremes  illustrated. 


The  solid  shaded  area  in  Figures  47  and  48  la  the  possible  capability’  of  a  colloid  thro3tor 
without  post  acceleration,  based  on  present  laboratory  data.  The  lined  area  represents  the 
capability  assuming  post  acceleration  up  to  100,000  volts  is  possible.  This  »ian  assumes 
that  tbs  lifetime  required  is  obtainable;  to  date,  the  longest  oootlnaoua  run  of  a  colloid 
source  is  288  hours. 
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The  areas  enclosed  by  the  dotted  and  da  abed  lines  In  Figures  49  and  50  are  based  upon 
the  charge- to- mas s  ratios  which  are  easily  obtained  in  the  laboratory.  The  dotted  line  Is 
for  no  post  acceleration;  the  dashed  line  assumes  post-acceleration  voltages  up  to  100,000 
volts.  Charge-to-mass  ratios  up  to  about  30,000  have  bees  obtained,  but  not  with  regularity. 
Continued  research  may  result  in  charge-to-mass  ratios  up  to  100,000  coulombs/kg,  which 
will  greatly  reduce  the  required  accelerating  voltages  for  specific  impulses  In  the  2000- 
5000  second  regime. 

Based  upon  the  charge-to-mass  ratios  presently  obtainable,  the  colloid  thrustor  Is  ap¬ 
proaching  the  op*. i mum  specific  impulse  characteristic  of  solar  cells  for  missions  oo  the 
order  of  a  year.  It  is  capable  of  producing  the  optimum  specific  Impulse  for  any  present 
or  near-future  nuclear  power  sources  based  on  1-5  year  mission  times. 

There  are  satellite  missions  which  require  on  the  order  of  10- 200  ft  lb  of  thrust.  Fora 
colloid  thrustor  the  power  level  required  is  so  email  that  the  weight  of  the  power  supply 
is  negligible  compared  to  that  of  the  fixed  engine, -power  conditioning,  and  propellant.  This 
is  due  to  its  high  efficiency,  *75%.  The  contact  ion  engine  pays  a  high  penalty  at  these  thrust 
levels  for  ioniser  power  which  reduces  its  efficiency  to  *  5%.  For  such  missions,  the 
colloid  thrustor  could  be  operated  at  only  moderate  1  to  keep  the  propellant  weight  at  a 

reasonable  value;  the  power  needed  can  be  obtained  from  the  primary  power  source  of  the 
satellite.  For  example,  to  provide  10  /i  lb  of  thrust  for  one  year,  a  colloid  engine  operating 
at  600  seconds  1  and  75%  efficiency  would  require  only  0.07  watt  and  0.5  lb  of  pro¬ 
pellant.  Single  needle  colloid  sources  operated  in  the  laboratory  have  produced  about  3 
fxlb  thrust  at  an  I  of  about  500  seconds.  Therefore,  if  the  necessary  lifetimes  can  be 

realised,  the  colloid  thrustor  Is  ideal  far  this  type  of  mission. 


For  high  power  missions  (100  watts  and  up)  the  problem  will  be  the  Bomber  of  capillary 
needles  required.  At  10  ft.  amps  par  needle,  a  mission  requiring  500-watt,  1000-second 
specific  impulse  would  require  about  3000  capillary  needles  for  a  q/m  of  10,000  and  an 
accelerating  voltage  of  4000  volts.  This  would  preseat  quite  a  fabrication  problem.  The 
current  output  per  needle  must  be  pushed  upward  for  high  power  missions. 

In  summary,  the  colloid  thrustor  io  at  the  stage  at  development  where  it  oould  be  used 
for  low  power,  krw  thrust  missions  of  several  months  duration  at  moderate  specific  impulse*, 
i’or  moderate  to  high  power  levels  and  specific  Impulses  the  ground  work  has  been  laid  far 
iurther  development  and  future  application.  Tbe  two  parameters  which  must  be  increased 
by  continued  test  and  research  are  the  ch&rgs-to-masa  ratio  and  current  output  per  needle; 
Improvement  in  these  two  areas  will  permit  smaller  engine  else*  and  lower  accelerating 
voltages,  which  will  be  critical  for  high  power  missions.  Figures  51,  S3,  sod  53  are  in¬ 
cluded  for  the  convenience  of  making  quick  calculations  at  various  parameters  associated 
with  a  colloid  thrustor.  Figure  51  permits  a  rapid  determination  of  P/F,  q/m.  U,  sod  I  . 
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Optimum  8 MR  Specific  Charge  Vs.  Mission  Tims  for  Various 
Accelerating  Voltages,  Nuclear  Power  Supply 


Figure  60.  Optimum  8MR  Specific  Charge  V«.  Mission  Time  for  Various 
Accelerating  Voltages,  Solar  Cells 
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Efficiency  X  Power-to-Thrust  Ratio  Vs.  I  and  SMR  Specific  Charge 
for  Various  Accelerating  Voltages 
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Fi»Jr«  B2.  Efficiency  Vs.  Specific  Impulse  for  Various  Powcr-V'o-Tbrust  Ratios 
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Figure  M.  Thrust  Vs.  Specific  Charge  for  Various  Accelerating  Voltages 
and  a  Current  of  1  Microamp 
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